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Conceptual models of nocturnal convection initiation (NCI) are used to summarize

past knowledge and new discoveries following the Plains Elevated Convection
at Night (PECAN) field campaign.

of the timing and location of U.S. Great Plains

nocturnal convection initiation (NCI) remains
a challenging goal. A primary reason is that NCI is
often elevated with its source air from 900 to 600 hPa
(e.g., Wilson and Roberts 2006) and typical observ-
ing systems do not observe temperature, moisture, or
wind conditions at this height with adequate temporal
and spatial resolutions. To improve the understanding
and forecast skill of NCI, the Plains Elevated Convec-
tion at Night (PECAN; Geerts et al. 2017) field cam-
paign included NCI as a primary scientific objective.
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This manuscript brings together past NCI research
with data from PECAN to document frequencies and
forcing mechanisms of different NCI categories.
While the impact of NCI in the U.S. Great Plains
is high, the forecasting skill remains relatively low.
A 20-yr radar climatology illustrated that NCI
events can produce hail, high winds, flooding,
and in some cases, tornadoes (Reif and Bluestein
2017, hereafter RB17; Reif and Bluestein 2018).
Figure 1 illustrates that locally forced NCI episodes
contributed up to 30%-60% of the PECAN nocturnal
accumulated rainfall derived from radar (Weckwerth
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FiG. I. (a) Accumulated nocturnal precipitation (0100-1300 UTC) derived from radar data (mm) from
23 May until 22 Jul 2015 (Fig. 7b from Weckwerth and Romatschke 2019). (b) Percentage of (a) attributed
to NCI episodes that initiated locally in the Great Plains. The white rectangle is the PECAN domain.
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and Romatschke 2019). This sizable contribution of
NCI to Great Plains precipitation is consistent with
previous results (Carbone and Tuttle 2008). Stelten
and Gallus (2017, hereafter SG17) showed the chal-
lenges in forecasting skill by examining five different
convection-allowing models. They found that the
probability of detection (POD) for NCI events varied
from 39% to 64% with variations in false alarm ratios
(FAR) of 49%-65%. Spatial and temporal variability
and errors in convection-allowing models occur in
forecasts of both daytime convection initiation (CI)
and NCI (e.g., Kain et al. 2013; Burghardt et al. 2014;
Pinto et al. 2015; SG17).

Weckwerth and Parsons (2006) noted that warm-
season daytime Cl is often preceded by surface-based,
boundary layer convergence zones that are apparent
as radar fine lines (e.g., Wilson and Schreiber 1986)
and as lines of small cumulus on visible satellite im-
agery (e.g., Purdom 1982; Wilson and Mueller 1993).
In contrast, at night the visible satellite imagery is
useless and surface-based radar boundaries are not as
common. An example of PECAN NCI that occurred
with no radar-observed precursors (Fig. 2a), initiated
convection within 18 min (Fig. 2b), and led to banded
convective structures (Fig. 2¢) illustrates the challenge
via radar data. During the night, a shallow nocturnal
stable boundary layer (SBL) often develops that is
difficult to observe and can inhibit the formation of
near-surface convergence zones. This happens be-
cause the SBL reduces the ability of moist convective
downdrafts to penetrate to near the surface due to
the reduction of negative buoyancy (e.g., Markowski
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and Richardson 2010). Elevated convection will re-
sult when the most unstable air is above an SBL (e.g.,
Corfidi et al. 2008; Blake et al. 2017), which typically
occurs at night. The SBL and elevated unstable air
are difficult to monitor with standard observations.

In addition to the SBL, a second feature important
for understanding both the initiation and mainte-
nance of nocturnal convection in the Great Plains is
the low-level jet (LLJ; e.g., Pitchford and London 1962;
Maddox 1983; Astling et al. 1985; Trier and Parsons
1993; Trier et al. 2006; Tuttle and Davis 2006). The
LL] is a relatively shallow wind speed maximum that
occurs between 300 and 1000 m above ground level
(AGL), appearing shortly after sunset in the warm
season and reaching maximum intensity between
0600 and 0800 UTC (e.g., Blackadar 1957; Bonner
1968; Mitchell et al. 1995; Song et al. 2005; Shapiro
et al. 2016). Horizontal convergence along the ter-
minus of the LLJ implies the presence of large-scale
lifting, which can assist in NCI (e.g., Tuttle and Davis
2006). Additionally, the LL] provides an efficient
means for upward and northward transport of mois-
ture that is important for the initiation and evolution
of deep, moist convection in the region (e.g., Higgins
et al. 1997).

Previous recent field campaigns in the U.S. Great
Plains deployed instruments to study daytime CI
and deep convection. The International H,O Project
(IHOP_2002; Weckwerth et al. 2004) used radars
and multiple water vapor sensors to study daytime
CI. The Bow Echo and Mesoscale Convective Vortex
Experiment (BAMEX; Davis et al. 2004) deployed
aircraft, mobile radars, and radiosondes to study ma-
ture convective systems but not NCI. The Mesoscale
Predictability Experiment (MPEX; Weisman et al.
2015) used targeted dropsondes and radiosondes to
study high-impact weather events but not specifically
NCI. PECAN instrumentation targeted NCI by in-
cluding over 100 different ground-based and airborne
instruments and a unique array of PECAN Integrated
Sounding Arrays (PISAs) to sample the vertical pro-
files of lower-tropospheric winds, temperature, and
water vapor. These PISAs and the scanning radars
and lidars of PECAN were used to sample the specific
features (e.g., LLJ, bores, and gravity waves) and at-
mospheric regions (e.g., SBL and lower troposphere)
relevant to better understanding of NCI.

This manuscript brings together past NCI work
and PECAN data to document frequencies of different
NClI types, as categorized by different structural char-
acteristics in PECAN radar composites. This article
also summarizes current knowledge of physical pro-
cesses and likely forcing mechanisms associated with
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each of these NCI types using simplified conceptual
models. To determine whether certain types of NCI
are more predictable, a preliminary assessment is
presented of the capability of a convection-allowing
ensemble model in forecasting these PECAN NCI
events.

METHODOLOGY. PECAN was conducted during
1 June-16 July 2015 and was geographically centered
around Hays, Kansas (Geerts et al. 2017). The NCI
events examined in this study occurred within the
PECAN domain delineated by the rectangular region
in Fig. 1.

Identification of NCI events. This study used the 3D
regional mosaic of 0.5°-elevation-angle radar data
(Earth Observing Laboratory 2016a) produced for
PECAN to identify the NCI events. The regional radar
mosaic included data from both the national network
of WSR-88Ds located in the central Great Plains and
NCAR’s S-Pol radar (Earth Observing Laboratory
2016b; Hubbert et al. 2018) located near Hays during
PECAN. NCI events were identified from 0000 to
1200 UTC (1900-0700 LT) during PECAN and
included events that were not forecasted and nights
when there were no PECAN missions. Similar to
the methodology of Wilson and Roberts (2006), an
NCI event was defined when there were at least two
convective radar echoes >40 dBZ occurring near each
other in space (<20 km) and time (<10 min) suggest-
ing a common forcing mechanism. An episode typi-
cally evolved from no echo to its maximum number
of echoes within 1 h.

AnL1]J was defined for this study when there were
wind speeds >15 m s with a southerly component
in the 0.5°-elevation-angle radar composite veloc-
ity field. This is comparable to the Bonner (1968)
LLJ definition using radiosondes. The LLJ core was
apparent as a region of confined high winds within
the radar network. An example illustrating both the
horizontal and vertical structure of the LL] using

Fic. 2. S-Pol radar reflectivity data at the 0.5° eleva-
tion angle from PECAN showing an example of NCI
on | June 2015: (a) no nearby convection or boundar-
ies or fronts apparent within the S-Pol radar data at
0609 UTC, (b) NCI at ~80 km east of S-Pol at 0627
UTC, and (c) banded and widespread convection at
0726 UTC. Note the suggestion of wavelike structures
in the blue-colored, clear-air reflectivity region to the
southwest of S-Pol in (a) and the similar northeast-
southwest orientation of the resulting convective bands
in (c). This case was subjectively categorized as an LL}-
only NCI event. Range rings are 25 km.
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PECAN observations was shown in Fig. 11 of Geerts
et al. (2017).

A total of 49 NCI events were subjectively placed
into five categories based on the radar-observed

a) 1 June 2015 0609 UTC

b) 1 June 2015 0627 UTC

c) 1 June 2015 0726 UTC
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precursors (Table 1). A PECAN example of each
type is shown in Fig. 3. Other analysis products
(e.g., surface weather maps and surface station ob-
servations) were also used to identify possible NCI
forcing features, such as fronts or convergence lines,
in order to place each event in the most appropri-
ate category. The five types of NCI events observed
during PECAN are 1) NCI associated with frontal
overrunning, 2) NCI associated with an LL] (LLJ
only), 3) NCI near a preexisting mesoscale convective
system (MCS) or within 100 km of other preexisting
convection, 4) NCI near a bore or density current,
and 5) pristine NCI. These five types will be defined
fully in the “Types of PECAN NCI events” section.
The number and frequency of NCI events, along

with the most similar categories of SG17, who evalu-
ated deterministic models, are tabulated (Table 2).

Ensemble model forecasts of NCI. During the field
campaign, NCI events were the most challenging of
the three convective forecast scenarios (i.e., MCSs,
bores, NCI) for the PECAN forecasters (Geerts et al.
2017). In particular, PECAN forecasters were gener-
ally unable to pinpoint the timings and locations of
NCI at the required lead times (i.e., T > 6-48 h).
The ensemble forecasts produced in real time
by the University of Oklahoma (OU) Multiscale
data Assimilation and Predictability (MAP) labora-
tory (Johnson et al. 2016) were verified for the 49
NCI events identified in Table 1. The 20-member,

TasLE |. Date, time, type of NCI event, and LL] characteristics [maximum velocity (m s™'); low-lev-
el LL) wind direction—-upper-level LLJ wind direction (°); Cl location relative to LL) core] observed
during PECAN.

Date (No. LL) (maximum velocity;

of events) Time (UTC) NCI type orientation; Cl location)

I Jun (1) 0730-0830 LLJ only 23; 150-190; middle east

2 Jun (1) 0854 LLJ only 20; 165-200; east

2 Jun (1) 1024 Bore/density current 20; 165-200; east

3Jun () 0700 Bore/density current 23; 180-210; overrunning

5Jun () 0612 Near MCS 25; 180-200; middle/overrunning
5Jun (3) 0324-0936 Frontal overrunning 22-25; 180-200; overrunning
5]Jun (2) 0648-0812 Bore/density current 22; 180-200; middle/overrunning
6 Jun (1) 0424 Near MCS 22; 160—-180; middle east

7 Jun () 0618 Bore/density current 20; 180-210; middle/overrunning
13 Jun (3) 0424-0948 Near MCS —

14 Jun (3) 0618-0942 Pristine —

19 Jun (2) 0636—-0736 Pristine —

24 Jun (2) 0612 Frontal overrunning 26; 190-210; overrunning

26 Jun (2) 0300-0436 Frontal overrunning —

30 Jun (1) 0906 Pristine —

2 Jul (1) 1018 Pristine —

3 Jul () 0500 Bore/density current —

4 Jul (1) 0506 Pristine —

5 Jul (3) 0430-0730 LLJ only 22; 150-180; middle west

6 Jul (1) 0700 Bore/density current 25; 180-200; overrunning

9 Jul (2) 0524-0754 Near MCS (T initiation) —

10 Jul (4) 0412-0842 Near MCS (one T initiation) 19; 150—180; east

I Jul (1) 0600 Near MCS (bow and arrow) 24; 180-210; west

14 Jul (1) 0736-1130 Bore/density current —

15 Jul (3) 0836-1036 Bore/density current 15; 130—150; overrunning

16 Jul (5) 0406-0506 Near MCS —

16 Jul (1) 0424 Bore/density current —
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convection-permitting ensemble forecasts ata4-km  predicted NCI within the verification rectangle, it
horizontal grid spacing were initialized daily at was determined to be a successful forecast (Fig. 4d).
1300 UTC using the Advanced Research version of In this example, the ensemble member was counted
WREF (ARW), version 3.6.1. The details of the config- as a successful forecast with a +2-h time error.
uration of the real-time system, data assimilationand To summarize the verification results, POD was

its evaluation can be found
in Johnson et al. (2017) and
Johnson and Wang (2017).

The OU MAP veri-
fication method for the
NCI event at 0300 UTC
26 June 2015 is illustrated
in Fig. 4. To use an objec-
tive method to verify the
49 observed NCI events,
the observed composite
reflectivity data were in-
terpolated onto the 4-km
model grid (Fig. 4a). Each
grid point was assigned
a binary value based on
whether a reflectivity echo
>40 dBZ was observed
within a radius of 96 km
1 h earlier. This radius was
used following Johnson
et al. (2017) and was based
on subjective evaluation to
identify new convection in
meso-beta-scale regions. If
no prior convective echoes
were observed within the
search radius, the con-
vection of interest was
assumed to be a new echo
and was identified as NCI.
This analysis was per-
formed for the 49 observed
NCI cases of Table 1 and
the analysis captured 41
events. After an NCI event
was observed, a rectangle
was subjectively drawn
around the radar echoes
to constitute an event for
subsequent verification
of ensemble forecasts,
similar to the approach
used in Kain et al. (2013).
This technique allowed for
some location error in the
forecast evaluation. If an
ensemble forecast member

a) Frontal overrunning 0300 UTC 26 Jure 2015

b) LLJ - only 0730 UTEC § Juiy 2015 |

l 50 km

d) Near MCS: T-initiation 500 UTC 10 July 2015

T

N \

&) Bore/Density current

T TR

Fic. 3. Radar reflectivity data from PECAN showing different types of NCI.
(a) Frontal overrunning at 0300 UTC 26 Jun 2015. Approximate surface fron-
tal location is shown by red line. Multiple red arrows indicate strong south-
southwesterly flow. (b) LLJ-only initiation at 0730 UTC 5 Jul 2015. (c) Near an
MCS, specifically bow-and-arrow initiation at 0600 UTC I1 Jul 2015. (d) Near
an MCS, specifically T initiation at 0500 UTC 10 Jul 2015. (e) Near a bore/
density current at 0736 UTC 14 Jul 2015. Two bore locations are indicated.
(f) Pristine NCI at 0506 UTC 4 Jul 2015. In all panels, the black outlines indi-
cate the region associated with the indicated type of NCI. The length scale is
shown in each panel to acknowledge different magnifications. For examples
with an LLJ, the thick red arrow represents the approximate LLJ-core loca-
tion and direction. The PECAN domain is shown as the yellow rectangle or
yellow lines when the scale is wide enough to illustrate it.
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calculated as the percentage of ensemble members
indicating NCI for that event within 2 h (Table 3).
Temporal root-mean-square errors (RMSEs) were
calculated for each of the 41 NCI events. Location
errors were not investigated.

TYPES OF PECAN NCI EVENTS. The fol-
lowing definitions describe the observations that led
to the classifications of the NCI types observed in
PECAN and tabulated in Table 1. It is likely that other
factors influenced NCI in these cases; however, the
classifications are based on the dominant structures
observed within the PECAN radar network. The re-
mainder of the “Types of PECAN NCI events” section
provides details for each NCI type.

1) Frontal overrunning: An NCI event in this
category was the result of near-surface air be-
ing lifted over a frontal boundary. Such events
occurred with an LLJ or strong southerly low-
level winds. The storms were observed to initiate
100-300 km from the front and on the cold side
(typically north) of the surface boundary. The
storms collectively initiated parallel to the frontal
boundary with an east-west orientation. A frontal
overrunning example from PECAN is shown for
0300 UTC 26 June 2015 (Fig. 3a).

2) LLJonly: An NClI event in this category had an LLJ
and 1) occurred more than 100 km from existing
storms and low-level boundaries and 2) did not
have a frontal boundary. The storms formed with
a north—south orientation (RB17; Gebauer et al.
2018). An example of this type of NCI is shown
for 0730 UTC 5 July 2015 (Fig. 3b).

3) Near an MCS: An NCI event in this category
occurred within ~100 km of an existing MCS.
The initiation was either
in front of, behind, or

NCI located in advance of an MCS, called “T
initiation,” occurred at 0500 UTC 10 July 2015
(Fig. 3d).

4) Bore/density current: An NCI event in this catego-
ry was triggered by a radar-observed bore, density
current, or bore/density current combination. The
initiation occurred within close proximity to the
bore/density current. An example from PECAN
is shown at 0736 UTC 14 July 2015 (Fig. 3e).

5) Pristine: An NCI event in this category occurred
>100 km from any existing storms with no
evidence of a boundary layer convergence zone,
front, bore, density current, or LL] that could have
triggered the initiation. An example of pristine
NCI during PECAN is shown at 0506 UTC 4 July
2015 (Fig. 3f).

Frontal overrunning. Frontal overrunning, most
commonly occurring with an LL]J, has been shown
to initiate storms well downstream of the surface
front (e.g., Colman 1990a,b; Trier and Parsons 1993;
Rochette and Moore 1996; Moore et al. 2003; Horgan
et al. 2007). RB17 illustrated that 35% of NCI events
occurred on the cold side of mesoscale surface
boundaries in their 20-yr climatological study and
this was observed 21% of the time in SG17. These
types of events occurred seven times (17% of the time
within the PECAN domain) on three separate nights
during PECAN (Tables 1 and 2). This was the type
best captured by the OU MAP ensemble and had a
POD of 63% (Table 3). One of the PECAN nights in
this category (26 June) had southerly winds over-
running a front that were not strong enough to be
classified as an LLJ; however, all other events in this
category occurred with an LLJ. In these seven frontal
overrunning cases listed in Table 1, LL] wind maxima

alongside the MCS. It was TasLE 2. Number of the different types of NCI events observed during
not necessary that the PECAN and the percentage frequency of occurrence in this study and in
preexisting storms for- SGI7.
mally met specific crite- o
.rla ofan MCS definition; No. of Proportion SGI7 No. of  proportion of
it was only necessary that NCI type events of total (%) events total (%)
there was an extensive

Frontal 7 14 60 21
area of nearby convec- overrunning
tive storm activity. A PE- LU only 5 0 153 54
CAN example of “bow
and arrow” (Keene and Near MCS 17 35 26 ?
Schumacher 2013) NCI Bore/density 12 25 - -
behind an MCS occurred current
at0600 UTC 11July 2015 | Pristine 8 16 47 16
(Fig. 3¢). An example of | Total 49 100 286 100
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were 22-26 m s™! from 180° to 190° at the lowest LLJ]
heights near 100 m AGL and veered to 200°-210° at
2 km AGL.

A conceptual model of NCI associated with frontal
overrunning is shown as a south-southwest-north-
northeast vertical cross section in Fig. 5, closely fol-
lowing that of Moore et al. (2003). The primary fea-
ture associated with frontal overrunning NCI events
involves strong southerly flow [shown as an LL]J in
Moore et al. (2003)] advecting relatively warm, moist
air northward along or above the upward-sloping
cool frontal surface. With the PECAN NCI cases,
this flow always had a southerly component but did
not always meet the definition of an LLJ, in contrast
to the Moore et al. (2003) schematic model. In some
cases, the overrunning by itself may be sufficient to
initiate convection. This could occur due to relative
humidity increasing and convective inhibition (CIN)
being eroded while the air parcels cool and transport
moisture horizontally and vertically along the sloping
frontal surface. The exact location of NCI varies due
to differences in the slope
of the frontal and isentropic

directly attributed to the frontal-overrunning mecha-
nisms and the degree to which more complicated
veering wind profiles, which often occur in frontal

TaBLE 3. OU MAP ensemble POD and temporal
RMSE for each NCI category observed during
PECAN. Due to the identification method failing
for some events, the number of events for most of
the NCI categories is slightly lower than in Table 2.

surfaces and due to differ-

ences in the magnitude,

orientation, and moisture
content of the low-level ‘

southerly flow (Moore et al.
2003; Peters et al. 2017). In

some cases, this relatively
large-scale overrunning

ascent may be enhanced
locally by direct thermal

No. of Time

NCI type events POD (%) RMSE (h)
Frontal 7 63 1.0l
overrunning

LLJ only 4 23 I.15
Near MCS 14 71 1.08
Bore/density 9 55 I.15
current

Pristine 7 50 I.15
Total 41 58 1.08

[A) Obs. @ 0300 UTC | \ [B) Forecast @ 0300 UTC | \\
oY -
B
#

C—

circulations (DTCs) due to

lower-tropospheric fronto-

|C) Forecast @ 0400 UTC]| \

genesis (e.g., Augustine and

Caracena 1994). Addition-
ally, there may be deeper
coupled DTCs associated

with the LL]J and upper-
level jet streaks (ULJs) that
sometimes play important
roles in NCI (cf. Moore et

—

[D) Forecast @ 0500 UTC| ‘\

|

—

al. 2003; Fig. 5).

There are several as-
pects of frontal-overrun-
ning NCI environments
that remain in need of fur-
ther clarification. These
include better quantifica-
tion of what fraction of
the total environmental
mesoscale ascent can be

AMERICAN METEOROLOGICAL SOCIETY

Fic. 4. Example of the OU MAP ensemble model verification technique, il-
lustrating (a) observed and gridded composite reflectivity >40 dBZ at 0300
UTC 26 Jun 2015, and simulated composite reflectivity forecasts >40 dBZ at
(b) 0300, (c) 0400, and (d) 0500 UTC. Radar reflectivity data for this case are
shown in Fig. 3a. The red contours indicate grid points where the algorithm
indicated NCI. Yellow region is the PECAN domain. The black box represents
the subjectively drawn rectangle over which the ensemble forecasts of NCI
in (b)-(d) were verified for this case. A forecast member would be counted
as a success if any grid point within the subdomain indicated NCI within a 2-h
time window. This example ensemble member in (b)-(d) would be counted
as a success with a +2-h time error.
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Pressure (hPa)

environments with warm advection, influence the
vertical motion.

LLJ only. LLJ-only NCI events occurred with no surface
boundary but with a well-defined LLJ as a key con-
tributor to the NCI. RB17 classified this as no-bound-
ary CI and this type accounted for 24% of their NCI
events over the Great Plains, occurring most often
around 0900 UTC. SG17 found that their type 2 NCI
with an LL] occurred more frequently (~54% of their
events). However, this mechanism contributed only
tive NCI events (10%) during PECAN on three sepa-
rate nights between 0430 and 0854 UTC (Tables 1, 2).
The difference in frequency of occurrence and timing
for this study compared to RB17 and SG17 is hypoth-
esized to be due to the different domains analyzed
and different definitions of NCI categories. In SG17
many of their type 2 events occurred just outside
of the PECAN domain and therefore would not be
identified as NCI events in the current study. Herein,
the LL] maxima were 20-23 m s™! from 150° to 165° at
100 m AGL, veering to 180°-200° at 2 km AGL. The
NCI events occurred primarily on the eastern side of
the LLJ core (Table 1). These events were not readily

captured by the OU MAP ensembles and had a POD
of 23% (Table 3).

Figure 6 is a conceptual model predominantly based
on arecent PECAN study of NCI with an LL] only and
no other observed features, such as surface boundar-
ies, fronts, bores, or ongoing convection (Gebauer
et al. 2018). In the west-east cross section of Fig. 6, a
veering, horizontally heterogeneous LL]J results in an
elevated convergence region along its eastern edge.
The veering of the LLJ also results in differential mois-
ture advection across its axis, which, especially when
combined with various mechanisms of mesoscale
ascent (e.g., Trier et al. 2017; Shapiro et al. 2018), can
lead to significant increases in relative humidity at the
top eastern edge of the LL] core (Gebauer et al. 2018).
The effect of persistent mesoscale ascent manifests
as weak upward displacements of lower-tropospheric
isentropes near the location of elevated NCI (Fig. 6),
which are associated with vertical temperature advec-
tion and local adiabatic cooling. The combination of
local adiabatic cooling with vertical and horizontal
transports of moisture may lead to the development
of moist absolutely unstable layers (MAULSs; Bryan
and Fritsch 2000) that facilitate convective overturn-

ing. The hetero-

200 —

300 — : i

400 —

500 —

L,

Ageostrophic DTC with ULJ

’.-l Frontogenetical DTC

geneous nature of
the LLJ also leads
to convergence
of the latitudinal
(4) component of
wind along the top
eastern edge of the
LLJ core, creat-
ing convergence
and lifting where
the southwest-
erly flow meets
the southeasterly
flow, thereby as-
sisting with NCI,
as illustrated

Upper-Level
Jet Max

Cool, Statically Stable
Air Mass

schematically in

A *
Position of MCS

Surface Front Centroid

FiGc. 5. Conceptual model of processes that may contribute to frontal overrunning
NCI. Cross section is parallel to the strong southerly winds ascending atop the frontal
boundary (thick red arrow). Dashed lines are equivalent potential temperature (0,)
values (K). Green shaded region indicates enhanced moisture. Solid line with arrows
is the ageostrophic direct thermal circulation (DTC) associated with the upper-level
jet (ULJ; indicated aloft by blue shaded region) while the smaller dash—dotted circula-
tion denotes the DTC by the low-level frontogenetic forcing. The dotted region aloft
denotes upper-level divergence. The horizontal and vertical axes are not to scale.
NCI location is shown by a cloud, oftentimes ~162 km on the cold side (north) of the
surface frontal location. Following Moore et al. (2003).

2230 | BAMS NOVEMBER 2019

NNE Fig. 6. This effect

may contribute
to north-south-
oriented lines of
convection on
the eastern edge
of the LLJ (RB17;
Gebauer et al.
2018), similar to
the example in
Fig. 3b.
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Near an MCS. The
most frequent
type of NCI events
during PECAN
occurred near a
preexisting MCS
(Tables 1, 2). This
type of initia-
tion occurred 17
times on 7 nights,
accounting for
35% of the to-
tal PECAN NCI
events. The most
similar category
in SG17 was T
initiation, which
is a subset of our
NCI occurring
near an MCS, and
occurred 9% of
the time in their
study. For this cat-

e S VS
E of S
e ——— -
£ (T ] 1

-102
West

-100 -98 -96 -94

Longitude East
Fic. 6. Vertical cross-sectional conceptual model illustrating processes and features
that may contribute to LLJ-only NCI. The solid black area is topography from west
to east (left to right). Higher moisture content is indicated in green. The red hatched
region indicates relative area of southwesterly flow with embedded double-hatched
region showing the LL) core. Purple hatched region indicates relative area of south-
easterly flow. Black dotted contours represent isentropes that increase in magni-
tude with height. The slight bulge in elevation of the lower-tropospheric isentropes
beneath the cloud is a cumulative effect of vertical displacements from persistent
mesoscale ascent. The region where enhanced moisture corresponds with midlevel
convergence and leads to NCI is shown by the updraft (black arrow) and the cloud.

egory, it was not
necessary that the
preexisting storms formally met any previous MCS
definition; it was only necessary that NCI occurred
near an extensive area of preexisting convection. It is
likely that different forcing mechanisms contribute to
NCl in disparate locations alongside an MCS, includ-
ing locations in front of and behind the MCS, and
two such conceptual models are presented in Fig. 7.
The new NCI did not always have a clearly organized
structure or orientation. Table 1 shows that an LL] was
observed on 4 of the 7 nights with NCI near MCSs.
The LLJ core was 19-25 m s™! with low-level winds
from 150° to 180° at 100 m AGL and the 2 km AGL
winds were from 180° to 210°. These NCI events were
well captured by the OU MAP ensemble, where the
POD for this category was 71% (Table 3).

One specific type of initiation near a preexisting
MCS was referred to by Keene and Schumacher (2013)
as the bow-and-arrow formation. Their conceptual
model summarizing the key components and mecha-
nisms contributing to this organization is reproduced
in Fig. 7a. The new convection develops at the rear
(west or northwest) of a preexisting MCS and is gen-
erated when the southwesterly LLJ transports heat
and moisture northward behind the bow echo. This
warm, moist air maintains the instability above the
MCS cold pool and converges with northerly and/
or northwesterly rear inflow, generating elevated
convection along the arrow region and behind the

AMERICAN METEOROLOGICAL SOCIETY

Based on Gebauer et al. (2018).

bow echo. Deformation and vertical shear along
the direction of the arrow may influence the linear
structure and orientation of the convection within
the arrow (Keene and Schumacher 2013). This type
of NCI occurred only once during PECAN on 11 July
2015, along with a south-southwesterly LLJ (Fig. 3c).
The bow-and-arrow mechanism is a specific radar
pattern that occurs within the more general case of
rearward off-boundary development (e.g., Trier et al.
2010; Peters and Schumacher 2015, 2016).

In contrast to the bow-and-arrow type, the
T-initiation type has new storm development in
advance of the MCS in its direction of propagation
(typically eastward). This type of NCI organization
has been noted by forecasters (e.g., Johns and Hirt
1987; Przybylinski 1995) and has been reported in
both observational (e.g., Smull and Augustine 1993;
Marsham et al. 2011; Coniglio et al. 2011) and mod-
eling (e.g., Trier et al. 2011) studies. The regional
National Weather Service/Weather Forecast Office
Science and Operations Officers (SOO) in Goodland
and Dodge City, Kansas, and Hastings, Nebraska
noted that T initiation is one of the most difficult NCI
forecasting challenges (J. Martin, A. Johnson, and
R. Ewald 2014, personal communication). The NCI
with T initiation is typically elevated and occurs in
regions of strong warm advection near the northern
terminus of the LLJ (Fig. 7b). The T-initiation pattern
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is sometimes associated with mesoscale regions of (e.g., Augustine and Caracena 1994) often found in
frontogenesis (e.g., Coniglio et al. 2011). Our con- environments supporting T initiation. A similar flow
ceptual model (Fig. 7b) illustrates a frontogenetical pattern with significant horizontal deformation was
environment with large-scale horizontal deformation  found by Trier et al. (2017) using PECAN radiosonde

(a) Bow and Arrow v — Eon
Echo

Stronger SW winds
converge with
weaker
N to NW winds,
creating shear and
deformation

Low-level Jet transporting
4——— warm, moist air into the
region, increasing instability

|(b) T-Initiation

T-initiation in frontogenetic warm advection O —

zone near LLJ terminus \\

CX0 @ o
: 4

/

Pre-existing
Squall Line

Fic. 7. Common NCI types occurring near a preexisting MCS. (a) Conceptual
model of the bow-and-arrow NCI processes. The thick red arrows represent
the LL}, while the thin green arrows represent the wind direction and speed
(longer arrows correspond to faster wind speeds). The colored contours
represent isotherms where warmer (cooler) temperatures are shaded red
(blue). From Keene and Schumacher (2013). (b) Conceptual model of the
T-initiation NClI processes. Colored contours and the thick red arrow are as
in part (a). The thin black lines represent contours of constant geopotential
height and the thin green arrows are geostrophic wind vectors.

\

A,
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observations from 10 July
2015. During this event,
a brief T initiation within
a MAUL occurred near
the diagnosed ascending
branch of a thermally di-
rect mesoscale frontal cir-
culation (Trier et al. 2017,
cf. their Figs. 5, 11b, 12).

It is noteworthy that
both the T-initiation and
the bow-and-arrow NCI
categories often exhibit
aspects of mesoscale over-
running. In the case of
the bow-and-arrow type,
the boundary experienc-
ing overrunning is usu-
ally an outflow bound-
ary on the rear flank of
the preexisting MCS. For
the T-initiation type, it is
often a larger-scale quasi-
stationary or warm front,
along which a preexisting
MCS is moving, that is ex-
periencing overrunning. It
is the proximity of the new
NCI to the MCS that most
clearly distinguishes these
cases from more generic
frontal overrunning NCI
cases.

Boreldensity current. During
PECAN, NCI events oc-
curred 12 times (25% of the
events) near a bore or den-
sity current. The OU MAP
ensemble POD for this cat-
egory was 55% (Table 3).
SG17 did not include this
category because they iden-
tified only pristine events
that were not generated
near-surface boundaries.
AnLL]J occurred on 7 of the
9 nights with this type of
NCI (Table 1). The LL] core
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wind speed varied from 15
to 25 m s and the winds
at 100 m AGL were from
130° to 180° and veered to
150°-210° at 2 km AGL.
Bores and density cur-
rents are similar in that
they both include hydro-
static pressure jumps dur-
ing their passage; however,
the surface temperature
typically drops with a den-
sity current and rises or re-
mains constant for a bore.
Atmospheric nocturnal
bores can be induced by
density currents impinging
upon a stable surface layer
(e.g., Crook 1988; Rottman
and Simpson 1989; Koch
et al. 1993; Haghi et al.
2017). Similarly, solitons

LFC
e e f *« .—> Undular bore motion
= -t-. .
BEar e e Yoo e e
P AN\ oot )
density currentmotion = / ... _--ccsol_Lo-el ... %

Fic. 8. Vertical cross-sectional conceptual model illustrating processes that
may lead to bore/density current NCI. The parent density current is shaded
blue, with the associated undular bore in advance of the density current
denoted by the gray shaded region; direction and relative speed for both is
indicated (longer horizontal arrow implies faster speed). The three dashed
lines represent parcel trajectories starting at different initial altitudes within
the SBL; number I, the lowest one, represents a near-surface parcel, while

number 3, the upper one, originates near the top of the SBL. The mean local
LFC and its descent are indicated by the thick gray line. Note the height
change of the gray LFC line upon bore wave crest passages. Thick black up
arrows indicate local parcel ascent due to each individual wave crest and one
slanted arrow showing ascent ahead of the parent density current. The region
of NCI takes place where the upper parcel reaches its LFC. Following Haghi

or solitary waves, which
are types of bores, may
be produced in the same
manner (e.g., Christie et al. 1979). Bores may play
a role in elevated NCI and MCS maintenance (e.g.,
Carbone et al. 1990; Crook et al. 1990; Koch et al.
2008a,b; Marsham et al. 2011; Coleman and Knupp
2011; Grasmick et al. 2018; Parsons et al. 2019; Haghi
etal. 2019).

Figure 8 shows a conceptual model for bore/den-
sity current-generated NCI based on several previous
bore studies (e.g., Haghi et al. 2017; Parsons et al.
2019). The bore usually progresses at a faster pace
than the parent density current. Atmospheric bores
are associated with a semipermanent lifting of the
SBL depth, thereby causing cooling and moistening
aloft (e.g., Knupp 2006; Koch et al. 2008a,b; Parker
2008; French and Parker 2010; Browning et al. 2010),
decreasing the height of the level of free convection
(LFC) and reducing CIN (Parsons et al. 2019; Loveless
et al. 2019). This decrease in stability occurring in
association with bores may allow for elevated NCI
and MCS maintenance. Our conceptual model shows
an example of an undular bore (e.g., Haghi et al.
2017). In this case, air parcels are successively lifted
to their maximum height along the wave crests. The
uppermost elevated parcel (marked as 3) experi-
ences the deepest lift relative to the prebore parcel
height (shown by thick black up arrows) and eventu-
ally reaches the LFC while parcels 1 and 2 remain
within the stable layer. With a supercritical bore or
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et al. (2017) and Parsons et al. (2019).

nonundular bore [as shown in Fig. 4 of Haghi et al.
(2017)], there is one primary wave crest that may
influence NCI and the maintenance of convection
(not shown). With a soliton/solitary waves type of
bore (Haghi et al. 2017), the first wave crest exhibits
the highest amplitude and may aid NCI and MCS
maintenance at the leading wave crest (not shown).

Pristine NCI. There is no well-recognized unique
definition of pristine CI. RB17 defined pristine CI as
new convection not influenced by other neighboring
convection and specified it as occurring >3 h and
>100 km from other convection. SG17 defined pris-
tine CI as that which was not a direct result of preex-
isting convection (e.g., forced by outflow boundaries).
Herein, we define pristine NCI as a new convective
echo >40 dBZ occurring more than 100 km from
existing storms. We further require the NCI to not be
associated with any precursor near-surface conver-
gence zone, to not be occurring with an LLJ, and to
not be initiated by a bore or gust front. Such pristine
NCI was observed eight times (16%) during PECAN
on five nights (Tables 1 and 2). It was also identified
16% of the time in SG17. The OU MAP ensemble had
a 50% POD for these events (Table 3).

Figure 9 depicts a conceptual model of pristine
NCI, following Wilson et al. (2018). Elevated conver-
gence is associated with weak, persistent mesoscale
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FiG. 9. Conceptual model vertical cross section illustrating possible pristine
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Other potential NCI
mechanisms were not
examined here because
they were not discernible
using the PECAN radar
network. These include
lifting and horizontal ad-
vection associated with
cyclonic potential vortic-
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- ity anomalies, which have
been shown to be an im-
portant factor in genera-
tion and maintenance of

NCI processes. Green shaded region shows large-scale layer of enhanced

moisture, elevated convergence, and low CIN. Undulations in the streamlines
indicate elevated gravity waves, which is a proposed mechanism for Cl in
the primary example case upon which this conceptual model is based. NCI
(indicated by the cloud with a black arrow) can take place where the optimal
combination of convergence, moisture, and updraft occur. Following Wilson

et al. (2018).

ascent leading to an elevated layer of enhanced
moisture that supports increases in the CAPE and
decreases in both the CIN and the LFC height
for air parcels originating above the surface. This
mesoscale lifting in the environment may combine
with stronger and more localized lifting caused by
lower-tropospheric gravity waves leading to NCI in
this conceptual model (Wilson et al. 2018). Banacos
and Schultz (2005) and Wilson and Roberts (2006)
also noted midlevel convergence and thermodynamic
instability as major influences for initiating pristine
nocturnal elevated storms during IHOP_2002.

SUMMARY AND OUTLOOK. This article sum-
marizes the different categories of the 49 NCI events
that occurred during the PECAN field campaign. We
have added to previous observational climatological
studies (i.e., RB17) and model-based PECAN studies
(i-e., SG17) of NCI by presenting conceptual models
of the different categories of NCI. These PECAN NCI
cases were primarily identified using the composite
network of radar data. The five different NCI types
are associated with (i) frontal overrunning (14% of
the cases), (ii) the LLJ alone (10%), (iii) an MCS or
preexisting convection (35%), (iv) a bore or density
current (25%), or (v) a nocturnal atmosphere lacking
a clearly observed forcing mechanism (pristine; 16%).
We combined previous conceptual models with re-
vised models and newly developed models to describe
the primary environmental features and physical
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nocturnal convection (e.g.,
Jirak and Cotton 2007;
RB18). Another NCI mech-
anism is quasigeostrophic-
aided ascent (e.g., RB18).
The mountains-plains
solenoidal circulation has
also been suggested to play a role in NCI (e.g.,
Carbone and Tuttle 2008). An additional mecha-
nism that could contribute to NCI near a preexisting
MCS is related to microphysical processes, including
evaporation, sublimation, and melting, which may
cool and moisten the air beneath preexisting anvils
in such a way that may help initiate new convection
(e.g., Knight et al. 2004; Parker and Johnson 2004).
The contribution of these various processes to NCI
during PECAN were not investigated because the
focus of this paper was based on what could be ob-
served with radar.

This study presents too small of a sample to es-
tablish the statistical significance of differences in
the skill of forecasts for the different NCI types with
the OU MAP ensemble runs. However, an initial
comparison of the different NCI types illustrates
some general findings. The OU MAP model’s ability
to forecast NCI depended upon the NCI mechanism.
NCI influenced by larger-scale forcing mechanisms,
including frontal overrunning and near MCS, ex-
hibited greater forecast skill in the ensemble runs
by having greater POD with smaller time errors
(Table 3). This is consistent with PECAN results of
SG17 and previous results from IHOP_2002 in which
Wilson and Roberts (2006) noted that daytime CI was
better predicted by the 10-km Rapid Update Cycle
(RUC) in environments with synoptic-scale fronts
compared to smaller-scale features, such as bores or
density currents. The OU MAP 4-km forecast and
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verification domains are unlikely to fully resolve
NCI events related to bores and pristine NCI events.
Previous results showed that 1-km grid spacing and
finer are necessary to fully capture the lifting proper-
ties, such as the slope of the ascent or the erosion of in-
hibition, resulting from bores and atmospheric waves
(Johnson et al. 2017; Johnson and Wang 2019). We
suggest investigating the benefits of higher-resolution
simulations, particularly for the improvement of bore/
density current and pristine NCI forecasts. Together
with the observational dataset from PECAN, more
in-depth comparisons of the successful and unsuc-
cessful ensemble members could provide an excellent
opportunity for making improvements on the chal-
lenging NCI-forecast problem.

It remains difficult to observe the precursors
that lead to NCI. While operational radar and
sounding networks are useful, high-frequency
profiling of the lower-tropospheric temperature,
moisture and winds would be beneficial to observe
the mechanisms responsible for NCI. A network of
remote sensing profilers, like PISAs deployed during
PECAN, have aided in recent NCI studies (e.g.,
Wilson et al. 2018). A nationwide network of these
systems (National Research Council 2009) should
have mesoscale spacings of ~50 km to provide critical
thermodynamic and wind observations to be used
for enhanced understanding, for data assimilation
and for improving convective weather forecast skill.
A recent experiment, Land-Atmosphere Feedback
Experiment (LAFE; Wulfmeyer et al. 2018) suggested
that an optimal combination of observations and
assimilation of thermodynamic profiles is neces-
sary for improved understanding of the planetary
boundary layer. Developments of a small network
of advanced differential absorption lidars (DIALSs)
to measure water vapor (e.g., Spuler et al. 2015;
Weckwerth et al. 2016), calibrated aerosol (Hayman
and Spuler 2017) and temperature profiles (Bunn
et al. 2018) and the proposed Lower Troposphere
Observing System (LOTOS) may aid in providing
clear-air, high-resolution measurements of low-level
temperature, moisture, and wind measurements to
better understand elevated NCI processes.

In the meantime, we are optimistic that the iden-
tification of large mesoscale environmental patterns
and physical processes discussed in our simplified
conceptual models, when considered in conjunction
with output from operational NWP models, will aid
forecasters in more easily identifying situations in
which NCI is most likely to occur. It is also hoped
that the current summary of NCI during PECAN
will stimulate additional more-detailed studies that
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enhance understanding of processes influencing this
critically important, but only partially understood,
aspect of the regional hydrologic cycle of the U.S.
Great Plains.
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